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echanical loading influences skeletal structural integrity and bone remodeling. Application of a mechanical stimulus such as fluid flow shear stress to the bone osteocytes activates the cascade of mechanotransduction mediated by multiple signaling molecules. Hemichannels formed by connexin molecules are emerging as a candidate mechanosensor. Connexin 43 (Cx43) hemichannels open in response to mechanical stimulation to release bone modulators which influence bone remodeling. Our study identified a direct interaction between integrin α5 and Cx43 which was essential for hemichannels to open. Uncoupling the interaction blocked the hemichannels and shear stress enhanced the interaction between the two proteins to promote channel opening. More importantly, integrin α5, independent of its association with fibronectin, was activated upon shear stress through a PI3K signaling pathway. These results suggest a critical regulatory mechanism for Cx43 hemichannel opening through the association of integrin α5, resulting in release of bone anabolic factors required for bone development.
Improvement in the bone strength and overall health of the body is highly responsive to exercise and/or physical activity. Regular or strenuous exercise is a form of mechanical loading on the bone that generates mechanical signals. These signals are sensed by the bone cells and converted to biochemical events which regulate bone modeling and remodeling. The mechanoresponsiveness in many cell types is mediated by the heterodimeric signal transducing transmembrane glycoproteins called integrins that link extracellular matrix constituents to intracellular elements of the actin cytoskeleton. 5 All bone cell types express integrins, 6, 7 and osteocytes in particular express integrins of both β1 and β3 families. 7 Yet, how osteocytic integrins participate in the response to mechanical signaling remained an open question.
Several views have been put forth to determine how the osteocytes function as mechanosensors. Osteocytes experience force from two different sources; fluid flow shear stress (FFSS) and cellular deformations. 8 When shear stress is applied to the osteocytes, hemichannels formed by connexin 43 (Cx43) open to serve as a portal for the release of prostaglandins. 9 Various studies have shown the increase in expression of connexins in vitro and in vivo upon mechanical stimulation, suggesting artICLe addendum the primary substrate of integrin α5, FN. The opening of hemichannels was induced under the influence of magnetic field in these cells, suggesting that physical perturbation of integrin α5 led to the opening of the hemichannels. These observations implied that mechanical force may trigger the conversion of integrin α5β1 to an activated state that is competent to signal, which is in line with previous reports. 25 Indeed, the conformational activation of integrin α5β1 is sufficient for hemichannel opening was further supported by our finding where hemichannels were induced open without any FFSS but merely in the presence of a β1 integrin activating antibody (TS2/16), known to bind and activate β1 integrin molecules. 26 In addition, a reporter molecule which selectively binds active integrin α5β1 called GST-FNIII [9] [10] [11] , bound only to the cells treated for FFSS and not the control, further confirming that FFSS induced a conformational change that activated integrin α5β1. However, some studies indicate that shear stress does not directly activate the integrins, rather PI3K has been implicated as the primary transducer of the force. PI3K inhibitors can completely block the force induced activation of an integrin αvβ3 suggesting that shear stressstimulated PI3K mediates integrin activation. 27, 28 On the similar lines, we recently showed that FFSS activated PI3K signaling in osteocytic cells had a stimulatory effect on the mRNA expression of Cx43. 29 Interestingly, inhibition of active PI3K disrupted the interaction between Cx43 and integrin α5β1 in our study, and dramatically reduced the hemichannel opening. Inhibition of PI3K signaling using PI3K inhibitors in the osteocytic cells prior to FFSS significantly decreased the binding of GST-FNIII 9-11 indicating the reduced activation of integrin α5β1. This data suggests that PI3K is an important player that transmits the effect of mechanical stimulation on the integrin through its activation, which is sensed by the Cx43 hemichannel to result in their opening and release of anabolic bone modulators. Abolition of the interaction between the two proteins due to absence of active PI3K indicated that the interacting C terminal domains of integrin α5β1 and Cx43 may undergo changes in response to force and Indeed, we noticed a direct interaction between Cx43 and integrin α5, as demonstrated through GST pull down assay using a peptide to the C-terminus of integrin α5 to pull down GST-tagged C terminus of Cx43. This interaction was further confirmed by estimating the binding constant through surface plasmon resonance (SPR). While the binding constant (Kd) obtained through SPR was relatively weak; however, the association between the two proteins was direct and specific. Our analysis showed that the weak Kd was a result of a fast association followed by an equally rapid dissociation of the two proteins. Interestingly, mechanical stimulation strengthened the interaction between these proteins. Furthermore, the requirement of integrin α5 for the hemichannel opening was confirmed when expression of integrin α5 was inhibited using siRNA, and hemichannel opening was blocked. The importance of the interaction between the two proteins for the mechanical stress induced hemichannel opening was determined by uncoupling the interaction. Overexpression of the C-terminal domain of Cx43 in these cells successfully uncoupled the interaction, which clearly blocked the hemichannels from opening.
The bone matrix is comprised of various matrix proteins like collagen, fibronectin (FN), osteopontin, and FN is a known receptor for integrin α5β1 that helps in cell attachment. 21 However, we found that although these osteocytic cells need to attach to the surface, the opening of hemichannels is independent of a specific binding of integrin α5β1 to FN. The cell has similar dye uptake regardless of their attachment to collagen or FN matrix. These experiments indicated the importance of integrin α5 for the channel opening; however, the shear stressinduced mechanistic effect on integrin α5 that facilitated the opening of the hemichannels was not yet clear.
Many studies have evidence to show that integrins undergo conformational rearrangements which govern the affinity to the extracellular ligand and binding with cytoskeletal proteins. [22] [23] [24] We performed magnetic perturbation of integrin α5β1 in the cell using magnetic beads coated with either integrin α5 antibody or a possible role of this protein in mechanotransduction of bone. 10, 11 Connexins are gap junction and hemichannel forming proteins and Cx43 is abundantly expressed in osteocytes. 10, 12, 13 The surface expression of Cx43 and formation of Cx43 gap junctions increases upon mechanical loading in areas of bone exposed to tension. 14 Although, we and others have shown that Cx43 hemichannels open in response to FFSS, the mechanisms and molecules that are involved in the shear stress-mediated opening of the hemichannels in these cells is poorly understood. Understanding the role of Cx43 in bone modeling and remodeling, and identifying the molecular mechanism for regulation of Cx43 hemichannel opening in response to mechanical loading for appropriate release of bone modulators is an endeavor of several laboratories including ours.
Sometime ago, it was speculated that strain amplification mediated by integrins would be most effective if mechanosensitive membrane channels were localized at adhesion sites. Also, several lines of evidence indicate that integrins can regulate ion channel activity. 15 Stress-activated ion channels on the cell surface can be activated through the forces transmitted by the integrins to the channel elements, either directly or through the cytoskeleton. 16 In our search of potential mechanosensors for the opening of hemichannels, we identified integrin α5 as a candidate mechanosensor. Among the different integrins, integrin α5β1 and αvβ3 are expressed in the bone 7, 17 and β1 integrin has been shown to mediate the cellular response of bone osteocytic cells called MLO-Y4 (murine long bone osteocytic cells) to FFSS. 18 In the present study, we noticed that integrin α5 and Cx43 are colocalized in MLO-Y4 cells and primary osteocytes isolated from the chicken calvarial bone. 19 Since, integrin α5 is known to be consistently associated in a heterodimeric composition with β1 subunit, we identified the β1 binding partner for integrin α5 in these cells. The known repertoire of the proteins associated with Cx43 demonstrates that majority of the interactions occur at the C-terminal domain due to its variability and participation in protein-protein interaction, post-translational modifications and other functions. mediate mechanotransduction. Activation of integrin involves the separation of the cytoplasmic tails of α and β subunits. 30 Parting between the tails of the integrin molecule may allow the C-terminus of integrin α5 to be available for interaction with other proteins, such as Cx43 and facilitate hemichannel opening.
Although our study has brought to focus a new player, integrin α5 in the hemichannel induced mechanotransduction of bone, it is rather difficult to ignore the fact that mechanical load applied to the bone cells in vitro are typically much higher strains compared to those required in vivo. As a result, bone cells are subjected to much more strain in vitro to induce cellular deformations for activating measurable cellular responses. Part of this inconsistency between in vitro and in vivo mechanical load magnitude could occur due to the non-physiological conditions during cell culture, such as two dimensional culture conditions which lack the connections and constraints exerted on the bone architecture due to the presence of mineralized matrix. Hence, switching to a closer mimic of the bone structure to conduct these studies is a future call. Some of the other unanswered questions that need to be addressed include determining how FFSS activates PI3K and how PI3K activates integrin α5 which facilitates Cx43 hemichannel opening, a critical step for the release of anabolic factors responsible for bone modeling and remodeling.
